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Abstract
In self-assembled multilayer arrays of micrometer-sized spheres which include small amount of fluorescent particles,
unique six-dot-triangular and seven-dot-hexagonal patterns have been known to appear in the fluorescence micro-
scopic image. Although it has been suggested that these patterns correspond to local domain structures, i.e., face
centered cubic (fcc) or hexagonal closed packing (hcp), no convincing evidence has been presented. In this study,
we fabricated well-controlled photonic clusters by use of micromanipulation and investigated the relation between
the propagation patterns and the domain structures. While the minimum fcc and hcp clusters exhibited the triangular
and hexagonal patterns, respectively, it was also found that the propagation patterns are dependent on the size of the
clusters.
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1. Introduction
Photonic crystals [1, 2, 3] are periodic dielectric
structures, the scale of which is around the wavelength
of light. Emergence of various unique optical proper-
ties originating from strong interaction between light
and matter is expected in such structures. For exam-
ple, interesting behaviors of lightwave such as super-
prism eﬀect [4] are known. In this paper, we discuss the
characteristic light propagation in self-assembled crys-
tals composed of microparticles reported by Matsushita
et al. [5].
The size parameter S = πD/λ is an important factor
which characterizes electromagnetic behavior in a sys-
tem made of spheres, where D is the diameter of the
sphere and λ is the light wavelength in vacuum [6].
Matsushita et al. investigated the propagation of light
from fluorescent particles embedded in a self-assembled
three-layer polycrystalline array of polystyrene (PSt)
microspheres in the region of S = 3 − 18. They ob-
served six-dot-triangular and seven-dot-hexagonal pat-
terns in S ÿ 5, while such patterns were not observed
at S ∼ 3. They explained that each propagation pattern
reflects the local domain structure, i.e., face centered cu-
bic (fcc) or hexagonal closed packing (hcp), based on
the optical microscopy. However, exact determination
of a wavelength-sized structure is diﬃcult on the basis
of optical images.
To clarify the explicit correspondence between the
propagation modes and the structures, we assembled
controlled fcc and hcp clusters by use of the micro-
manipulation technique inside a scanning electron mi-
croscope (SEM) and observed the light propagation in
these clusters. We investigated the region of S ∼ 5. Sil-
ica microspheres are used as non-fluorescent particles,
because we found non-fluorescent PSt particles turn flu-
orescent by the electron beam irradiation during the mi-
cromanipulation. Silica has a slightly smaller refractive
index than PSt.
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Figure 1: (a) Scanning electron micrograph and (b) fluorescence mi-
crograph of the composite self-assembled array of silica particles and
polystyrene fluorescent particles. The focal plane in (b) is presumably
positioned around the bottom layer of the array. The circles indicate
the typical six-dot-triangular and seven-dot-hexagonal patterns.
2. Light propagation in self-assembled array of sil-
ica spheres
Throughout this work, the diameters of the silica
and the fluorescent PSt particles are both D = 1μm.
The refractive index n of silica is 1.4 and that of PSt
is 1.59. The excitation and emission wavelengths of the
fluorescent PSt particles are 542nm and 614nm, respec-
tively. We used an objective lens (numerical aperture
0.95, focal depth 0.68μm) optimized for the observation
through a glass substrate. Nd : YVO4-based green laser
(532nm) was used as the excitation source and the lu-
minescence from the fluorescent particles was observed
through a band pass filter (λ = 610nm ± 10nm). Size
parameter in this system is S = 5.15 (D = 1.0μm, λ =
0.61μm).
To confirm that the triangular and hexagonal prop-
agation patterns are similarly observed in the array of
dielectric spheres made of other materials than PSt,
we fabricated a self-assembled array of silica spheres
and observed the light propagation. A composite self-
assembled array including silica and fluorescent PSt
particles with a ratio of 100:1 was fabricated according
to Ref. [7].
The SEM image of the array is shown in Fig. 1(a),
which reveals that the array is ordered over a wide
range. Although it was diﬃcult to know the exact focal
position in the array from the optical image, triangular
and hexagonal patterns similar to those of the PSt ar-
ray were found at a certain focal position. Figure 1(b)
shows the fluorescence micrograph, where circles indi-
cate the typical triangular and hexagonal patterns.
Hence, these propagation modes are not unique to the
PSt particles, but common to the arrays of S ∼ 5 and
n ∼ 1.4 − 1.6. In our experiment, we were unable to
know the domain structures, or the number of the layers
on the basis of the optical images.
3. Light propagation in mechanically assembled
clusters of silica spheres
For the aim of investigating the relationship between
the domain structure (fcc or hcp) and the propagation
patterns, micromanipulation technique [8, 9] was used
for the assembly of controlled three-layer fcc and hcp
clusters.
We picked up and placed silica and PSt particles
sprinkled on a glass substrates coated with a conduc-
tive indium tin oxide layer with a gold-coated glass tip
to build the clusters. The particles were not coated with
conductive materials. For assembling accurate clusters,
spheres within a range of ±0.6% were selected accord-
ing to the SEM image, because the standard deviation of
the diameter of the particles of ±2% is not enough for
constructing precise clusters. Then the spheres were
Figure 2: Scanning electron micrographs of photonic clusters assem-
bled with micromanipulation. The particles enclosed with a black line
are the fluorescent PSt spheres. (a), (c) fcc clusters, (b), (d) hcp clus-
ters. (a) and (b) are the class-1 clusters, while (c) and (d) are the
clusters of class 2.
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Figure 3: Fluorescence micrographs showing the light propagation in the photonic clusters. (a) fcc, (b) hcp. From left column to right: the
illustrations presenting the position of the focal plane, fluorescence micrographs in the class-1 clusters, in the class-2 clusters, and the corresponding
images observed in the self-assembled array. The right side drawings illustrate the common features observed in the whole propagation patterns.
The focal planes in the class-1 and class-2 images are positioned around the bottom layer of the array.
positioned to match a computer-generated template im-
age superimposed on the SEM monitor to form exact
arrangements.
We have fabricated three-layered fcc and hcp clus-
ters of two sizes, in which a fluorescent PSt particle is
included in the third (top) layer. The smaller clusters,
called class 1, have pyramidal shapes and only one flu-
orescent particle is placed on the third layer. These are
the minimum fcc and hcp structure units. The larger
clusters, called class 2, have a shape of frustum of pyra-
mid, in which each layer of the class-1 clusters is sur-
rounded with one layer of non-fluorescent silica parti-
cles.
Figure 2 shows the fabricated clusters. The light
propagation pattern in the fcc clusters are shown in Fig.
3(a), together with the triangular pattern observed in
the self-assembled array. A similar set for hcp and the
hexagonal pattern for the self-assembled array is shown
in Fig. 3(b). The fcc and hcp clusters of class 1 ex-
hibited six-dot-triangular and seven-dot-hexagonal pat-
terns, respectively. This seems to be a direct evidence
of the correspondence between the domain structures
and the propagation modes proposed by Matsushita et
al. Nevertheless, the clusters of class 2 showed more
complicated patterns. Even in these clusters, common
triangle and hexagon seem to be kept at the center. How-
ever, the propagation toward the surrounding particles
is considerable and makes the overall features com-
plicated. Thus, the clear correspondence between the
unique propagation patterns and the structures could not
be verified.
4. Conclusion
To clarify the relationship between the domain
structures, and the six-dot-triangular and seven-dot-
hexagonal patterns observed in a self-assembled three-
layer array of microspheres, controlled three-layer fcc
and hcp clusters were assembled with a micromanipu-
lation technique and the light propagation from an em-
bedded fluorescent particle was observed. However, the
correspondence between the structures and the propa-
gation patterns were not suﬃciently confirmed. While
the minimum fcc and hcp clusters exhibited the triangu-
lar and hexagonal patterns, respectively, larger clusters
showed complicated features. The propagation patterns
seem to be dependent on the size of the clusters and
are not straightforwardly correlated with the structures.
Systematic studies on much larger clusters are neces-
sary. Furthermore, employment of numerical calcula-
tion techniques are important.
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